Single cell RNA-seq of gastric organoids
INTRODUCTION
Within the microenvironment of the stomach tissue, gastric epithelial cells have complex interactions with other cell lineages. These components include fibroblasts, immune lineages and endothelial cells that make up blood vessels [1] . This complex cellular milieu plays a critical role in maintaining tissue function and integrity. Similarly, solid tumor development leads to changes in the cellular microenvironment -the interactions between epithelial cancer cells and tumor stroma influence tumor development, facilitate metastasis, enable evasion of immune surveillance, and alter therapeutic responses [2] . For example, the gene expression profile from stromal cells around epithelial tumors may have prognostic implications and predictive information about response to chemotherapy [3, 4] . Despite its important role in tissue regulation and maintenance, very little is known about the cellular features and intercellular communication among gastric epithelial and stromal cells.
To study the cellular microenvironment of gastric tissue, we employed an in vitro primary tissue culture technique that allow cells to grow and organize into three dimensional structures that resembles miniature organs, referred to as organoids. These primary tissue cultures can be derived from primary gastric tissues [5, 6] , epithelial stem cells [7] , or induced pluripotent stem cells [8] . They are capable of self-renewal and self-organization. As demonstrated in recent studies, the organoid system enables one to maintain gastrointestinal primary tissue cultures over long periods of time as well as develop engineered cancer models where driver mutations can be systematically introduced [9] [10] [11] . For this study, organoids derived from the primary gastric tissues were grown in an air-liquid interphase (ALI) system [6, 12] . The ALI system has a number of significant advantages compare to the conventional 2D cell culture. First, it recapitulates features of organ structure, maintains multi-lineage differentiation from the primary tissue and has the ability of self-renewal [13] . Second, one can use this method to introduce 2 specific cancer driver events into a wild-type background, thus modeling the progression of specific oncogenes or tumor suppressors. Thus, specific cancer driver combinations can be evaluated in terms of how they contribute to oncogenesis in a stepwise manner. Third, the ALIorganoid approach enables one to study intracellular microenvironment diversity in vitro. This is a much closer approximation to the conditions of the original tissue compared to traditional twodimensional cell culture. Fourth, ALI-grown gastric organoids do not require supplementation of exogenous Wnt growth factors such as Wnt3A and Rspo1 [9, 11] . Rather, these primary tissue cultures are self-sustaining, suggesting that the medley of different cell lineages provides an endogenous source of growth factors.
Using a droplet-based single cell RNA sequencing (scRNA-Seq) technology [14] [15] [16] , we analyzed thousands of individual cells and defined the gastric tissue cellular heterogeneity at single cell resolution in a self-sustaining mouse gastric organoid model. At the granularity of single cell analysis, one can derive new insights into tissue cellular heterogeneity, identify the characteristics of the diverse cell types in the local microenvironment and discover signaling interactions among different cell populations. For this study of the microenvironment, we identified different cellular lineages, determined the gene differential expression among the major cell types and as a result, identified growth factors that enable signaling crosstalk and thus maintains microenvironment cellular diversity. Based on cell type specific markers and transcriptional factors, we characterized the epithelial, fibroblast and immune cells composition of gastric organoids through the course of time and multiple passages. We found that the majority of macrophages were activated to tumor-associated M2-like status in the tissue explants microenvironment. We measured the expression of different Wnt signaling genes and determined that the growth factor, Rspo3 demonstrated highly specific expression in mesenchymal-derived fibroblasts. Our results point to the potential role of exogenous R-3 spondin, as provided by the cellular microenvironment, being important for maintaining gastric epithelial cell populations.
RESULTS AND DISCUSSION

Single cell transcriptional profiling of primary gastric tissues and organoid cultures
Our experimental design is outlined in Figure 1 . With scRNA-Seq, we profiled thousands of cells per sample from a series of mouse gastric tissue explants and gastric organoid cultures (Fig 1A and Appendix Fig S1) . For our starting material, we used a p53 null gastric tissue model originating from neonatal Trp53 flox/flox mice. Wild-type gastric organoids maintained in the ALI environment grow for only a limited time, typically 30 days and do not undergo passaging [17] . We determined that inactivation of Trp53, the mouse homology of TP53, enabled longterm culture and passages of gastric organoids in ALI environment. Moreover, TP53 loss of function is an early oncogenic transformation event, thus we replicated the start of gastric cancer development [9] .
Our experiments involved the following. First, we evaluated the early cell populations present in the primary gastric tissue explants after inactivation of Trp53. Second, we analyzed Trp53 -/-gastric organoids that have been cultured and passaged for three months and five months. The
Trp53
-/-gastric organoids underwent serial passages (passage > 3) and were stably grown for more than eight weeks. We maintained these primary cultures for extended periods of time without supplements of exogenous growth factor. This result indicated the self-renewing properties of these organoid cultures.
The Cre-mediated Trp53 deletion in gastric organoids was confirmed by genotyping (Appendix Fig S2) . We validated the loss of Trp53 expression with immunofluorescence (IF) and western blotting ( Fig 1B and Appendix Fig S3) . Importantly, the Trp53 -/-organoid consisted an epithelial layer with surrounding fibroblastic stroma (Fig 1C) , which was confirmed by Ecadherin and Vimentin immunofluorescence (Fig 1D) . Table 1) . To guarantee mRNA transcripts were adequately sequenced for distinguishing the cell types, we generated more than 200 million reads for each sample, and more than 90,000 reads per cell. A previous study has shown that 50,000 reads per cell is sufficient for accurate cell-type classification and biomarker identification [18] . The median number of genes and mRNA transcripts (UMI counts) detected per cell were higher in the gastric tissue explants cells (~2900 and ~11000) compared to the cells from two organoid samples (~2000 and ~5000) ( Table 1 and Appendix Fig S4) .
We used the program Seurat to analyze the data [19] . As a quality control metric, we evaluated genes that were expressed in three cells or more and included those cells that had 500 gene transcripts or more. To remove potential cell doublets where two cells exist within a single droplet partition as well as low quality cells with poor RNA-Seq data [20] , we filtered out those cells that have unique gene counts over 5,000 or contain more than 5% the percentage of mitochondrial genes (Appendix Fig S5) . Principal component analysis (PCA) was performed on remaining cells to reduce the dimensionality of the scRNA-Seq data matrix using high variable genes [16] . Subsequently, cells were clustered based on a graph-based clustering approach [21, 22] and were visualized in two dimensional space using t-distributed Stochastic
Neighbor Embedding (tSNE) [23] .
Characterization of single cells from primary gastric tissue
Our analysis indicated that gastric tissue explants were undergoing macrophage-based tissue remodeling in ALI. Five cellular clusters were apparent on the tSNE map (Fig 2A) . To identify cluster specific genes, each cluster of cells was compared to all other cell clusters by differentially expression analysis (Table EV1) . Clustering of specific genes revealed three main cell populations in the primary tissues (Fig 2A) : fibroblast cells (cluster 1), epithelial cells (cluster 2), and leukocytes (clusters 3-5). Fibroblast specific genes, such as Col1A1, Bgn, Dcn [24] , were significantly expressed in the cluster 1 (Fig 2B) , while epithelial specific markers, such as Epcam, Krt7 and Krt14 [25] , were significantly expressed in cluster 2 (Fig 2C) . Most of the cells in clusters 3-5 expressed leukocyte common antigen Cd45 (Ptprc) (Fig 2D) . Moreover, the expression of Cd115 (Csf1r), Cd11b (Itgam), and Cd18 (Itgb2) in clusters 3-5 indicated that these cells were monocytes derived tissue macrophages (Fig 2E) [26] .
To evaluate the three macrophage clusters, we performed gene ontology (GO) enrichment analysis using the EnrichR program [27] , and identified the top ranked genes. There were 6 distinct gene expression patterns among the macrophages: cluster 3 was enriched with the inflammatory responses and cell clearance related genes, cluster 4 was enriched with the leukocyte cytokine and migration genes, and cluster 5 was enriched with cell cycle genes ( Table 2 ). Our results suggested that a subgroup (~6%) of the macrophages (cluster 3), expressing scavenger receptor Marco and cytokine Il18 [28] , and thus, had inflammatory
characteristics consistent with what is described as the M1 class (Fig 2F) . Cluster 4 demonstrated an upregulation of genes associated such as Arg1 (anti-inflammatory) and
Mmp12 (extracellular matrix remodeling) [29] . These genes are expressed in tumor-activated macrophages (TAMs), also known as M2 macrophages, a category of immune cells that play a critical role in tissue remodeling. Cell cycle genes, such as Cdk1, Aurkb and Ccna2 were significantly upregulated in cluster 5, indicating a subgroup (~2%) of macrophages was actively
proliferating. This finding is in agreement with previous studies where it was observed that tissue macrophages undergo cell division within the primary tissue where they reside [30] . At this early explant stage, our ability to identify macrophage types and the increased number was related to isolating Trp53 -/-single cells using GFP signals from tissue explants. The cells were infected by the Ad-Cre-GFP therefore the GFP signals were more likely to remain in the nonproliferating, long half-life tissue-resident macrophages than other cell lineages.
In conclusion, we found that the majority of macrophages were activated to tumor-associated M2-like status and only a small population was similar to inflammatory M1-like. This result suggests that the macrophages in the initial tissue explant microenvironment were polarized towards wound healing and tumor promotion. Importantly, this result indicates that the ALI organoid method may enable one to manipulate and study the microenvironment consequence of tumor-associated macrophages in vitro.
Gastric organoid microenvironment has differentiated cellular lineages
We identified multiple cellular lineages from stable gastric organoid cultures maintained over time. In particular, we observed gene expression patterns at single cell resolution that had the properties of primary gastric tissue. For this analysis, we sequenced 2,087 cells from the threemonth old culture that we refer to as Organoid_1 (culture time = three months, passage = 4). A total of 1,961 cells had adequate sequencing quality and were grouped into two clusters on the tSNE map (Fig 3A) . Two major lineages, epithelial and mesenchymal-derived fibroblasts, were clearly denoted based on gene expression patterns and clustering (Fig 3B-D and Table EV2 ). We evaluated the expression of key transcriptional factors and determined the development status of these tissues (Fig 3E and Appendix Fig S6) . The epithelial cells expressed transcriptional factors Sox2 and Klf5, which are typically expressed in progenitor cells in the immature epithelium of the gut [8] . The majority of cells in the epithelial cluster expressed forkhead transcription factor Foxq1, which is specifically expressed in mucin-producing foveolar cells of stomach lineage [31] . We also detected a small number of cells that express ghrelin (Ghrl), indicating the presence of endocrine cells. Similarly, the fibroblast cells expressed Sox9
and Hoxa5, two transcriptional factors that are specifically expressed the undifferentiated cells in the mesenchyme of immature gut [32] . Overall, these results suggest that these gastric organoids had cellular properties of the mouse stomach.
Stem cell lineages present in organoids
Stem cells provide self-renewal of organoids. Studies have shown that single Lgr5+ cells were capable of replenishing gastric cells, and thus is a marker of gastric stem cells [13] . We found that ~3% of cells (34 cells) in the epithelial cluster express Lgr5 mRNA (Fig 3F) . Interestingly, ~2% of cells (18 cells) in the fibroblast cluster also expresses Lgr5 mRNA (Fig 5F) . A previous study only observed Lgr5 mRNA expression among wild-type gastric epithelial cells, but not in the fibroblast cells [33] . However, a recent study found LGR5 was expressed in both epithelium and stromal cells in normal colon tissue, and the expression level was notably increased in tumor samples [34] . To further characterize the heterogeneity between Lgr5+ cell lineages, we selected and generated the Lgr5+ only cell clusters with epithelial (Lgr5_1) and fibroblast (Lgr5_2) lineages from the respective clusters (Fig 3G) . Per single cell gene expression analysis, epithelial-and fibroblast-specific genes distinguished the two Lgr5+ groups. For example, Epcam and Dcn were significantly upregulated in Lgr_1 cells, while Col1a1 and Krt14
were significantly upregulated in Lgr5_2 cells (Fig 3H-I and Table EV3 ). Our study suggests that both epithelial and fibroblast lineage cells express Lgr5 mRNA within a stem cell population.
Gastric organoid transcriptional phenotype is stable over time
We sequenced and analyzed 1,710 cells from a second organoid sample (Organoid_2) that was cultured for five months (passage = 6). Indicating the reproducibility of our findings, the single cell gene expression profiles of both Organoid_1 and Organoid_2 were very similar as noted by a linear regression comparison for the fold change expression levels (r = 0.83, P <0.001) ( Table   1 and Appendix Fig S7) . Organoid_2 cells were grouped into two distinct epithelial and fibroblast cell clusters after PCA and tSNE analysis (Appendix Fig S8) . Subsequently, our cluster analysis revealed that the transcriptional profiles from Organoid_2 cells highly correlated with Organoid_1 cells. Namely, our analysis of both data sets identified the same lineage types (Appendix Fig S10 and [5] or external fibroblasts as feeder cells [36] . Given that ALI-maintained, multi-lineage organoid cultures did not require external supplementation, we hypothesized that secretion of endogenous niche factors by fibroblast cells in stroma sustained Wnt/β-catenin signaling and stem-cell renewal in organoids.
To examine the effect of Wnt inhibition, we treated the gastric organoids with the Wnt signaling inhibitor LGK974. This molecule targets Porcupine, a Wnt-specific acyltransferase and thus, inhibits Wnt signaling in vitro and in vivo. Previous studies have shown that, inhibition of Wnt signaling leads to cessation of epithelial cell proliferation and loss of crypt in mouse as well as in organoids derived from primary intestinal tissues [6, 37, 38] . After LGK974 treatment, the organoid epithelial layer degenerated and there was notable growth inhibition as observed with Ki67 staining (Appendix Fig S9) . These results indicated that this gastric organoid model, despite p53 inactivation, recapitulated the Wnt niche dependency in vitro.
We examined our results from scRNA-Seq to define the Wnt dependencies among the major cell types. Among 394 Wnt related genes as defined by gene ontology, 330 were expressed among the Organoid_1 cells (Table EV5) . Thirty genes were differentially expressed with statistical significance (corrected p< 0.05 and fold change > 1.5) between the epithelial and stromal epithelial cell populations (Fig 4A) . Notably, these genes included specific cell lineage Based upon single cell analysis, we found that the gene expression of Rspo3 was significantly enriched in the fibroblast cells, while the gene expression of Wnt4 was significantly enriched in the epithelial cells (Fig 4B) . The lineage-specific expression of Rspo3 and Wnt4 was consistent in both long-term gastric organoid cultures (Appendix Fig S10) . Thus, this result was reproducible. For the initial gastric tissue explants, we observed specific expression of Rspo3 in the fibroblast cell. However, the expression of Wnt4 was very low in the epithelial cells (Appendix Fig S10) .
We confirmed that the Rspo3 gene was specifically expressed in the fibroblast cells and Wnt4 was specifically expressed in the epithelial cells. As an orthogonal validation, we applied RNA in situ hybridization (ISH) to directly examine mRNA expression in organoid cells. First, we evaluated the sensitivity and specificity of the RNA ISH with two positive controls. Specifically, we measured the expression of two housekeeping genes Ppib and Polr2a and found that they were simultaneously expressed in all organoids cells while there was no expression of a negative control, the E.coli gene dapB gene (Appendix Fig S11) . Using gene-specific probes, we confirmed that Wnt4 mRNA was specifically expressed in the epithelial cellular layers making up the cystic portion of the organoid. In contrast, the Rspo3 mRNA was specifically expressed the adjacent lining composed of fibroblast cells (Fig 4C) . Overall, we confirmed the lineage specificity of expression based on ISH localization of the Wnt4 and Rspo3 transcripts.
Our results implicated Rspo3 and Wnt4 are candidates for mediating intercellular communication and maintain different cell types in gastric tissues. Importantly, we identified Rspo3 as the endogenous source of Rspos supplied by fibroblasts in the gastric stroma.
Recently, Virshup et al. found that Rspo3 to be the predominant Rspos expressed in cultured mouse intestinal stroma and was sufficient to support the intestinal homeostasis [36] . More recently, another report noted that stromal Rspos sustain gastric epithelial stem cells and gland homeostasis [41] . Together, our studies suggested that fibroblasts are the likely source of Rspos that support the growth niche in gastrointestinal TME. Recurrent RSPO fusions were identified in a subset of colon cancers and were mutually exclusive with APC mutations, suggesting that they are involved in the activation of Wnt signaling [42] . was significantly enriched in the fibroblast cells (adjusted p value = 1.3 E-43), and the expression of Wnt4 was higher in epithelial cells despite very low expression in both cell types, mirrored the expression pattern in the p53 null gastric explant. These results support our conclusion that p53 loss of function does not alter the lineage specific transcriptional profiles.
In summary, our studies systematically characterized primary gastric tissues using organoids composed of epithelial cells and stromal cells in single cell-resolution. We demonstrated that this system could recapitulate the gastric tissue microenvironment and intercellular signaling in vitro. Incorporating this methodology in cancer biology will allow us to culture tumor with its stromal components, providing a novel tool to examine the signaling crosstalk between tumor cells and associated stromal cells. Moreover, it can further extend into a screening platform for drugs targeting tumor microenvironment.
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MATERIALS AND METHODS
Organoid development and growth
The . We dissected stomachs from neonatal mice (age P4-7) and washed them in cold F12 to remove all luminal contents. The neonatal stomach was extensively minced and embedded in collagen gel using a double-dish culture system as previously described [6] . Cre recombinase adenoviruses (Ad-Cre-GFP, Vector Biolabs) were added the cultures to induce
Trp53 deletions in the cultured gastric tissue. The cultures were checked for GFP signaling by fluorescence microscopy after 3 days to confirm the infection. We replace organoid growth media (F-12 nutrient mixture, 20%FBS, 1%Antibiotic-Antimycotic) every week. The organoids were passaged at a 1:2 ratio every three to four weeks. To determine the effects of Wnt inhibition on these organoids, we treated the organoid culture with 10 uM LGK974 (Selleck Chemicals) for a period of 7 days.
Molecular characterization of mouse gastric organoids
The mouse genomic DNA (gDNA) was extracted from the tail biopsy using the Maxwell® 16
Tissue DNA Purification Kit (Promega), and the organoids gDNA was extracted using 
Western blotting
Cell lysates (30 µg) were separated on 4-15% precast polyacrylamide gels (Mini-PROTEAN® TGX™ Precast Protein Gels, Bio-Rad) and were transferred to nitrocellulose membranes. The antibodies used for blotting included p53 (Santa Cruz, sc-1311-R) and beta actin (Abcam, ab8227).
Immunofluorescence and immunohistochemistry studies
The organoid samples were fixed with 4% paraformaldehyde overnight and paraffin-embedded as previously described [6] . Sections (~5 uM) from blocks were deparaffinized and stained with 
Organoid disaggregation, single cell library preparation and flow cytometry
The gastric organoids were isolated from collagen gel by incubating with collagenase IV (500mg/mL, Worthington) in a 15-mL Falcon tube at 37 °C for up to 1 hour. The tube was centrifuged at 400g for 5 min. The supernatant was discarded and the organoid pellet was washed twice with 10 mL F-12. The organoids were collected by centrifuging and were re- 
Data analysis
The Chromium Single Cell Software Suite (http://support.10xgenomics.com/single-cell/software /overview/welcome) was used to demultiplex samples, process barcodes, and count single cell genes [44] . Briefly, FASTQ files were generated from Read 1 (RNA read), Read 2 (UMI) and i7
index (single cell index) after sample demultiplexing based on i5 index. Read 1 was aligned to mouse reference genome mm10 using STAR [45] . Subsequently, single cell index and UMI were filtered using the Cell Ranger pipeline [44] . The gene-barcode matrices were further analyzed and visualized based on the Seurat R package [19] . For quality control, the gene expressed less than 3 cells and the cell contained less than 500 genes were discarded. To remove potential cell doublets and low quality cells [20] , the cells that have unique gene counts over 5,000 or the percentage of mitochondrial genes more than 5% were filtered out.
Top variable genes across single cells were identified using the method described in Macosko et al. [16] . Briefly, the average expression and dispersion were calculated for each gene, genes were subsequently placed into 20 bins based on expression, and then calculating a z-score for dispersion within each bin. Principal component analysis (PCA) was performed to reduce the dimensionality on the log transformed gene-barcode matrices of top variable genes [16] . Cells were clustered based on a graph-based clustering approach [21, 22] , and were visualized in 2-dimension using tSNE [23] . Likelihood ratio test that simultaneously test for changes in mean expression and in the percentage of expressed cells was used to identify significantly differentially expressed genes between clusters [46] .
In situ RNA hybridization RNA in situ hybridization was performed on organoid FFPE tissue sections using the 
Data deposition
The sequencing data from this study were deposited at NCBI Sequence Read Archive (Accession number: SRP104455). 
